Abstract. The main goal of this investigation is to study the possible mechanisms of Casiopeinas ® as anticancer agents. Electrodonating (χ -) and electroaccepting (χ + ) electronegativity were calculated applying Density Functional Theory. Two different anticancer mechanisms of Casiopeínas ® are proposed. There might be antiradical molecules preventing the formation of cancer cells or these molecules could reduce the amount of GSH and as a result over-produce free radicals, increasing the oxidative stress which in turn kills the cancer cells. Key words: Copper Compounds, Casiopeinas ® , Electrodonating, Electroaccepting, Electronegativity, Anticancer, Free Radicals.
Introduction
Density Functional Theory (DFT) [1] [2] [3] [4] [5] of chemical reactivity was born three decades ago and has provided a solid framework for the study of the reaction mechanism operating in a number of processes. The starting point of chemical reactivity theory can be identified with the definitions of fundamental concepts such as electronegativity, hardness and the hard and soft acid base theory reported by Parr, Pearson, Donelly, Levy and Palke [6, 7] . These concepts were previously established intuitively but were not useful for determining absolute values or for understanding associated principles. Taking the solid definitions derived from DFT, it is possible to quantify these parameters and to make a quantitative prediction of the chemical reactivity inherent in many molecules. In the light of ideas put forward by Parr et al., other new concepts contributing very important information about the response of a chemical species when it reacts with other chemical reagents were defined by several authors, including Gázquez [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . There are global and local parameters which permit us to identify the most relevant aspects of the interaction between two chemical species. These parameters consist of response functions that describe how the electronic structure of an isolated species is affected by the presence of another molecule. Within this theory, electron transfer can be considered as an initial stage in the interaction between two molecules when they are separate from each other. The response functions are defined in terms of the derivatives of the total energy with respect to the number of electrons. The chemical potential (µ) and the global hardness (η) are global parameters which are equal to the first and second derivative (respectively) of the total energy, with respect to the number of electrons, with constant external potential. Chemical potential refers to the measurement of charge flow directions and chemical hardness evaluates resistance to the flow of electrons. A simple charge-transfer model of a molecule immersed in an idealized environment that may either withdraw or donate charge was analysed as the global response to the electron transfer process. The evaluation of the capacity of a molecule to either accept or donate charge is achieved by a quadratic interpolation for the energy as a function of the number of electrons. Following on from this definition, the response of a molecule to charge acceptance or withdrawal is calculated in terms of vertical electron affinity (A) and vertical ionization potential (I). Within this approximation, Gázquez and co-workers [15] [16] [17] detailed two different chemical potentials, making it possible to distinguish the response to charge donation (µ -) from the response to charge acceptance (µ + ). Since the additive inverse of chemical potential is electronegativity (χ), from these parameters it is possible to define two different electronegativities for the charge transfer process: one indicating donation (χ -) and the other indicating electron acceptance (χ + )
Lower values for χ -imply a more effective electron donor and higher values for χ + indicate greater capacity for accepting electrons. These and other parameters were used in the past to evaluate the electron transfer process, as the first step in the reaction of several molecules, and also to evaluate the capacity of many substances to prevent the oxidative stress [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
One mechanism for preventing oxidative stress discussed in the literature is the electron transfer reaction between free radicals and free radical scavengers. It was previously reported that in order to scavenge free radicals, molecules can either donate or accept unpaired electrons [18, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . The antiradical reaction inhibits the damage of the free radical species, either by causing its oxidation or by causing its reduction. An antioxidant is oxidized by transferring electrons to the free radical and preventing other molecules from undergoing oxidation with the free radical. This reaction halts oxidation and for this reason these molecules can be clearly identified as antioxidants. On the other hand, an antireductant is reduced by accepting electrons from the free radical. This process prevents the reduction of other molecules. Since the relevant event is the trapping of free radicals, it would be more precise to refer to these substances as "antiradicals". Antioxidation and antireduction represent two sides of the same coin: antiradical activity through electron transfer.
Antiradicals are important, not only because they prevent oxidative stress, but also because they may help to prevent cancer disease. It was previously reported that free radicals are able to develop cancer damaging DNA by stealing electrons. Following this idea, many investigations were undertaken in order to find evidence concerning the apparent reduction of cancer risk derived by consuming antioxidants [45] [46] [47] [48] . Although evidence exists which supports this idea, the protective effect provided by antioxidants is still unproven. It is not possible to conclude with certainty that antioxidants effectively prevent cancer, because apparently both the nature of the molecule acting as free radical scavenger is important, as well as the concentration of these substances. There is also evidence that some antioxidant effects may be related to the induction of oxidative stress. Apparently, pro-oxidative effects may be related to the induction of apoptosis in tumour cells. If this is the case, both the electron donor and the electron acceptor capacity of free radical scavengers turn out to be important.
For over two decades [50] [51] [52] [53] [54] [55] [56] [57] [58] , new antineoplastic and genotoxic compounds were synthesized and reported. These substances are metal-based drugs named Casiopeínas ® and they are a series of mixed chelate copper complexes which are being evaluated as possible anticancer agents. In particular, the activity of casiopeina II [Cu(1,4-dimethyl-1,10-phenanthroline) (glycine)NO 3 ] was tested in cells where apparently this copper complex kills cells by apoptosis and necrosis. The effects of these compounds on the cell include oxidative damage and mitochondrial dysfunction. However, the molecular mechanism leading to such effects remains unclear. It was suggested that Casiopeínas ® might alter levels of cellular 7-glutamyl-cysteinyl-glicine (GSH, also known as tripeptide glutathione) by redox reactions which both generate and cause the over-production of free radical species, leading to mitochondrial dysfunction and cell death. Although some experimental reports exist which describe these reactions, neither the mechanism nor the role of Casiopeínas ® as electron donors or acceptors is clear. For this reason, the aim of this investigation is to characterize mixed chelate copper complexes through the DFT of chemical reactivity parameters. Thus we will demonstrate that Casiopeínas ® are able to accept electrons from the superoxide anion and also from the GSH molecule in its reduced form. The hypothesis of this work is that Casiopeínas ® are able to act as antiradicals and thus negate the effect of free radicals on the development of cancer by preventing damage to DNA caused by redox reactions, likewise accepting electrons from GSH in its reduced form and thus affecting the free radical scavenging capacity of this molecule and increasing the concentration of free radicals. To decide which of these two mechanisms prevails over the other is an area requiring investigation.
Results and Discussion
In order to study the parameters of reactivity which might aid in understanding the characteristics of Casiopeínas ® , nine different chelate copper complexes were investigated using Density Functional Theory calculations. These molecules have the following condensed formulae:
For the (N-N) ligands we used four different molecules: 1,10-phenathroline (phen), 4,7-dimethyl, 1,10-phenanthroline (dmphen), 2,2`-bipyridine (bipy), and 4,4'-dimethyl, 2,2'-bipyridine (dmbipy). The (O-N) molecules are two different aminoacidates: glycinato (gly) and alaninato (ala). The (O-O) molecule that was used is acetylacetonato (acac). The schematic representation of the studied compounds is shown in Figure 1 . Optimized geometries, selected bond distances and atomic charges (APT) [68] are presented in Table 1 . The theoretical bond lengths concur well with experimental values. The Cu-N bond distances are greater than the Cu-O bond lengths. The longest distance is that between the Cu atom and the oxygen atom of the water molecule at the apical position. The Cu atom is at the center of a square pyramid and the base of the pyramid is almost planar. In all the compounds, the Cu Cu(phen)(ala) Cu(dmphen)(ala) Cu(bipy)(ala) Cu(dmbipy)(ala) With the aim of study the electron donor-acceptor properties of these compounds, it is necessary to obtain the electronegativity for the donation (χ -) and for the electron acceptance (χ + ). For this purpose, the cation and the anion were calculated with the optimized structures of the neutral molecule. The results for χ -and χ + are shown in Table 2 . Expectedly, as a result of the positive charge, these values are very high, indicating that copper complexes are bad electron donors and good electron acceptors. The electron donor-acceptor capacity of these compounds is compared with the electron donor-acceptor properties of other molecules which might be important in terms of cancer disease. These are the DNA nitrogen bases, the DNA nitrogen base pairs, certain free radicals which are responsible for oxidative stress and GSH which is apparently important as it is involved in the genotoxic activity of copper compounds [52] [53] [54] [55] [56] [57] [58] . The results are shown in Table 2 . The optimized structure and the calculated [69] pKa values of GSH are shown in Figure 2 . Under physiological conditions, a deprotonated species can be expected and for this reason in this study, we used (GSH-2H) -2 and (GSH-H) -1 (both represent two types of reduced glutathione).
In order to facilitate the comparison, it is possible to construct a graph as we shown in Figure 3 . In this Figure, all the molecules located in the upper right corner represent good electron acceptors and bad electron donors (χ -and χ + have high indicating that these are the worst electron donors, whereas the superoxide radical anion (O 2 -• ), (GHS-H) -1 and (GSH-2H) -2 represent good electron donors. This is a logical finding, as these molecules are negatively charged. Besides this, these results concur with the experimental information, because reduced glutathione molecule is considered to constitute an electron-rich antioxidant with significant reducing power.
With respect to the electronegativity associated with acceptance, (χ + ) copper compounds present the highest values thus making them the best electron acceptors. Apparently, copper compounds should be able to accept electrons from nitrogen bases, nitrogen base pairs, O 2 -• , (GSH-H) -1 and (GHS-2H) -2 . They are not effective free radical scavengers of the neutral free radicals that we report in Table 2 and Figure 3 , as copper compounds are not located at the top right of the neutral free radicals. Free radicals are worse electron donors than copper compounds, and not very good electron acceptors. Consequently, no charge transfer process will take place between neutral free radicals and copper compounds.
Analyzing the values in Table 2 and Figure 3 , it is possible to see that copper compounds should be able to accept electrons from the superoxide radical anion, (GSH-H) -1 and (GSH-2H) -2 . The donor electronegativity of these three molecules is very similar, so a comparable charge transfer process can be expected to occur from these anions to the copper complexes. If this is the case, Casiopeínas ® operate by two possible mechanisms which may either help to prevent or avoid cancer disease. As good electron acceptors they may act as antiradicals by accepting electrons from the superoxide radical anion. Similar results were found previously for carotenoids [21] [22] [23] , which are very well known antioxidants. It is worth noting that the electron acceptor capacity of the copper compounds reported in this work is almost twice that of the carotenoids. Since the superoxide radical anion may cause disorders associated with oxidative stress and because it is also a major source of other highly reactive oxygen species (ROS), it is possible to state that the antiradical activity of Casiopeínas ® lies in their capacity to prevent the formation of oxidant ROS. This result is very important in view of the fact that previous suggestions regarding the mechanism operating in the case of Casiopeínas ® [52] is related to reactive oxygen species (ROS) generation as a result of copper reduction, contradicting the results that we report here. If Casiopeínas ® are good antiradicals, they should be able to prevent oxidative damage to lipids, proteins and DNA at the starting point of the free radical production reactions, as we illustrated in Figure 4 . As it is well known that oxidative damage plays a role in carcinogenesis, Casiopeínas ® would thus be good substances for preventing the formation of cancer cells.
On the other hand, Casiopeínas ® may also accept electrons from (GSH-H) -1 and (GSH-2H) -2 . These results explain the dramatic drop in intracellular levels of GSH in human lung cancer cells, induced by the presence of one of these copper complexes, as shown in experiments [57] . The reduction of GSH by this redox process produces an increment in free radicals, which is also apparent in the experiment. It has been previously reported that oxidative stress is an important mechanism operating in a number of anticancer drugs. Apparently cancer cells exist in an elevated oxidative state, and therefore they are more vulnerable to the increment of the concentration of reactive oxygen species (ROS). The over-production of free radicals that Casiopeínas ® apparently generate, leads to mito- Up to now, two different mechanisms can be considered to operate in the anticancer activity of Casiopeínas ® . These copper complexes may be antiradical molecules which avoid the production of free radicals and as a consequence the generation of cancer cells, resulting from oxidative stress. The second mechanism operating here is thought to result from these molecules reducing the amount of (GSH-H) -1 and (GSH-2H) -2 . As a result, they over-produce free radicals increasing oxidative stress, which kills cancer cells. GSH depletion can trigger suicide of the cell by a process known as apoptosis. In order to define which of these two mechanisms is the best, or under which conditions one is preferable to the other is undoubtedly an area requiring investigation.
Concluding remarks
Electronegativity for electron acceptance (χ + ) and for donation (χ -) provides useful parameters for studying the electron-donor acceptor properties of molecules. Applying these parameters, it is possible to analyze the mechanism which is operating in anticancer agents of compounds such as Casiopeinas ® .
Casiopeinas ® are copper compounds which have been described previously. They represent good electron acceptors and are able to interact with good electron donors such as superoxide (O 2 -• ) radical and reduced glutathione [(GSH-H) 1-and GSH-2H) 2- ]. These copper compounds manifested the highest values in terms of accepting electronegativity (χ + ) with respect to O 2 -• , neutral free radicals, nitrogen bases, nitrogen base pairs and glutathione, ie. Casiopeinas ® are the best electron acceptors out of all these compounds.
The oxidative damage in the cell plays an important role in carcinogenesis. When Casiopeinas ® interact with O 2 -• they are able to preclude cancer because copper complexes accept electrons from O 2 -• preventing oxidative damage from occurring in the cell. On the other hand, when Casiopeinas ® interact with (GSH-H) 1-and (GSH-2H) 2-they can inhibit cancer cells as GSH depletion is able to trigger cell suicide by a process known as apoptosis. The reaction mechanism of Casiopeinas ® is not well known, but from these results we suggest two probable mechanisms derived from these copper compounds, for the treatment of cancer.
Computational Details
Density functional approximation [59] [60] [61] as implemented in Gaussian 09 [62] was used for all calculations. Full geometry optimizations without symmetry constraints and frequency analysis were carried out for all the stationary points using the three parameters B3LYP [63] [64] [65] density functional and 6-31+G(d,p) basis sets. Harmonic frequency analyses made it possible for us to verify optimized minima. Local minima were identified by the number of imaginary frequencies (NIMAG = 0). In order to compute I and A, further single-point calculations are necessary. I is calculated as the difference between the energy of the cation and the neutral molecule, assuming that both of these have the ground-state nuclear configuration of the neutral molecule. A is also calculated as vertical, and represents the energy difference between the neutral and the anion, calculated with the ground-state nuclear configuration of the neutral molecule.
Previous studies indicate that DFT reproduces equilibrium geometries and relative stabilities with hybrid functionals, which partially include the Hartree-Fock exchange energy. These results are largely consistent with those obtained using the Møller-Plesset perturbational theory at second order and basis sets of medium quality, such as 6-31G(d,p), and cc-pVDZ [66, 67] .
The geometrical optimization of (GSH-H) -was not possible in gas phase, since the H atom that was bound to the N atom in the initial geometry binds to the oxygen during optimization. In order to have the molecule with NH 3 + and COO -, which is the formula expected under physiological conditions, optimization was achieved in water, using the SMD option of Gaussian09. The optimized structure in water was used to calculate the energy (without optimization) of this system, as neutral, anionic and cationic in gas phase. The pKa values were obtained using the Marvin Sketch code from ChemAxon.
